Non-alcoholic fatty liver disease is closely associated with metabolic syndrome and comprises a pathological spectrum of liver disease ranging from steatosis to steatohepatitis and can progress to fibrosis/cirrhosis and hepatocellular carcinoma. In 2013, a mouse model was described that mimics non-alcoholic fatty liver disease progression from steatohepatitis to tumors in a short time span and with high incidence. As microcirculatory disturbances play a crucial role in liver disease, the suitability of the steatosis-inflammation-tumor model for microcirculatory studies was assessed. Herein, we present a comprehensive view on morphological, microvascular, cellular, and functional aspects of non-alcoholic fatty liver disease progression in the steatosis-inflammation-tumor model using intravital microscopy, biochemical, and histological techniques. Mice develop steatohepatitis, mild fibrosis, and liver tumors at ages of 6, 12, and 20 weeks, respectively. Non-alcoholic fatty liver disease progression was accompanied by several general aspects of disease severity like increasing liver/body weight index, non-alcoholic fatty liver disease activity score, and hepatocellular apoptosis. Intravital microscopic analysis revealed significant changes in hepatic microcirculation with increasing structural alterations, elevated leukocyte adherence, and impaired nutritive perfusion. Non-alcoholic fatty liver disease was further characterized by a lower sinusoidal density with a striking rise at 20 weeks. The characteristic microcirculatory changes make the model a convenient tool for analysis of microcirculation during progression from steatosis to liver tumor.
Introduction
Non-alcoholic fatty liver disease (NAFLD), often referred to as the hepatic manifestation of the metabolic syndrome, is a common chronic liver disease 1,2 with growing incidence, particularly in industrialized regions for instance caused by excessive caloric intake. Liver-related conditions are among the leading causes of death worldwide, 3 with liver cancer being the second most common cause of cancerrelated deaths. 3 NAFLD comprises different liver abnormalities extending from simple steatosis in early stages to non-alcoholic steatohepatitis (NASH), which can further progress to endstage diseases such as cirrhosis and hepatocellular carcinoma (HCC). 4 Usually, patients show no symptoms or non-specific clinical features over a long time period. Thus, diagnosis of NAFLD is often not confirmed before advanced liver injury occurs. Nevertheless, NAFLD can remain non-symptomatic in the form of steatosis or
Impact statement
Significant alterations of microcirculation contribute to progression of NAFLD, a chronic liver disease with increasing medical and socio-economic impact. Characterization of microcirculation in a NAFLD model reflecting all relevant stages of disease progression was still missing. Thus, we evaluated microcirculatory and cellular changes in a steatosisinflammation-tumor model using in vivo microscopy. Analyses revealed increasing structural alterations, elevated leukocyte-endothelial interaction, and impaired nutritive perfusion. Thus, this model is suitable for further studies investigating therapeutic approaches targeting these progressive microcirculatory disturbances.
steatohepatitis without progressing to more severe disease states. Although the theory of the presence of multiple hits has already been proposed, the pathophysiological processes that contribute to the progression of NAFLD are poorly understood. 5, 6 Typically, NAFLD and its subsequent conditions are accompanied by obesity and type 2 diabetes mellitus (including hyperinsulinemia, insulin resistance, dyslipidemia, and elevated blood glucose levels). 7 A wide variety of animal models is used to examine different conditions of the liver. Most of them cover just one or two stages of NAFLD progression and differ in the strategy of disease induction as well as time of disease occurrence. Disease induction can be realized genetically or pharmacologically, by diets or surgical interventions, but only a few models reflect NAFLD progression from early to advanced stages. Additionally, they are often associated with various disadvantages, e.g. a long time span until disease occurrence. [8] [9] [10] In 2013, a new animal model (also called "STAM TM mice") was described by Fujii et al. 11 These mice showed, in the presence of a fat rich nutrition and elevated blood glucose levels, a liver disease progression from steatosis via NASH and fibrosis to HCC in a comparably short time period of 20 weeks. 11 The mice are exposed to streptozotocin (STZ) two days postnatal, causing hyperglycemia, and are fed a continuous high-fat diet (HFD) from the age of four weeks on, which results in the development of steatosis. To date, this model is used in several studies to investigate NASH pathophysiology and therapeutic approaches, [12] [13] [14] liver tumorigenesis, and HCC formation. [15] [16] [17] Nevertheless, validation of this model with respect to microcirculatory changes is still lacking.
NAFLD is associated with pathological changes in liver architecture leading to microcirculatory disturbances. Some attempts have already been made to assess the microcirculation in diverse liver diseases. It is known that disease-specific morphological features, e.g. degree of fat accumulation, 18 correlate with the extent of microcirculatory alterations such as sinusoidal endothelial dysfunction, impaired nutritive perfusion, and increased adhesion of leukocytes. 19, 20 Additionally, during fibrosis progression sinusoids lose their fenestrae and form a true basement membrane, a process called capillarization. 21, 22 In sum, overall changes in microcirculation underlie macroscopically observed changes in NAFLD liver architecture and substantially contribute to disease progression.
The current study aimed to characterize microcirculatory changes in the steatosis-inflammation-tumor model using intravital microscopy. Thus, the applicability of this mouse model for microcirculatory studies of tumor development in steatotic livers was validated.
Materials and methods

Murine steatosis-inflammation-tumor model
The steatosis-inflammation-tumor model was performed as described by Fujii et al. 11 The model comprises two independent hits that lead to NAFLD onset and progression. The first hit is an elevated blood glucose level and the second hit comprises a HFD. Hyperglycemia was induced in male C57BL/6 mice (Charles River, Sulzfeld, Germany) through a single intraperitoneal injection of 200 mg STZ (Sigma-Aldrich, St. Louis, Missouri, USA) in 10 ml of 0.05 M trisodium citrate (pH 4.5; Merck, Darmstadt, Germany) at day two postnatal. Starting at day 28 of age, the mice were fed a continuous HFD (fat content: 60 kJ%; D12492 (II) modified experimental diet; Ssniff, Soest, Germany). The mice were kept on water and HFD ad libitum at a 12 h light/dark cycle. The general state of health was monitored daily and blood glucose levels and body weight were measured weekly. Additionally, EDTA plasma was collected fortnightly. Animals exhibiting normal blood glucose levels were excluded from the experiment (19 of 151). The ages of 6, 8, 12 , and 20 weeks served as final observation time points. For each time point, a set of mice was used for intravital microscopic analysis (n=8-11 per time point). Additionally, mice were sacrificed at the named time points (n=7-9 per time point). EDTA plasma was collected and the liver was excised and weighed. For histological analyses, the left lateral liver lobe was fixed in formalin and half of the medial liver lobe was embedded in Tissue-TekV R (Sakura, Tokyo, Japan), subsequently snap frozen in liquid nitrogen, and stored at À20
C. The remaining liver tissue was snap frozen in liquid nitrogen and stored at À80 C. Healthy C57BL/6 mice without STZ treatment and HFD served as control mice. All animal experiments were approved by "Landesamt fü r Landwirtschaft, Lebensmittelsicherheit und Fischerei MecklenburgVorpommern" (7221.3-1-039/14) and were executed in accordance with the German legislation and EU-directive 2010/63/EU.
In vivo microscopy and quantitative off-line analysis At ages of 6, 8, 12 , and 20 weeks, respectively, in vivo microscopy of the liver was performed and analyzed as described previously by our group. [23] [24] [25] Under ketamine/ xylazine anesthesia (90/7 mg/kg body weight ip) mice were laparotomized, the left lateral liver lobe was exteriorized on a plasticine stage and covered with a glass coverslip. In vivo microscopy with ultraviolet epi-illumination was used to examine hepatic stellate cells (HSCs) by vitamin A autofluorescence. Thereafter, sodium fluorescein (2 mmol/kg), rhodamine 6G (1 mmol/kg), and bisbenzimide (10 mmol/kg) were injected via the vena jugularis. Sodium fluorescein fluorescence was assessed using blue light epiillumination. Through enhancement of tissue contrast vessel diameter, blood velocity, sinusoidal density, and sinusoidal perfusion were analyzed. Direct staining of leukocytes by rhodamine 6G facilitated analysis of venular leukocyte rolling and adherence, and sinusoidal leukocyte stasis using green light epi-illumination. Apoptotic cell death was analyzed by means of ultraviolet epiillumination and bisbenzimide staining of hepatocellular nuclei. A computer-assisted image analysis system (CapImage, Zeintl, Heidelberg, Germany) was used for quantitative off-line analysis of the video files. Volumetric blood flow VQ (sinusoidal and venular, equation (1)) and shear stress s (sinusoidal and venular, equation (2)) were calculated from blood velocity (vRBC) and vessel radius (r) as below.
Hematological measurements and plasma analyses 
Histology, immunohistochemistry, and image analysis
Liver tissue was fixed in 4% phosphate-buffered formalin (Grimm med. Logistik, Torgelow, Germany) for two to three days, embedded in paraffin, and cut into 5 mm thick sections. Assessment of all histological stainings was performed in a blinded manner. Hematoxylin and eosin (H&E) staining was used to determine NAFLD activity score (NAS). The total NAS (score 0-8) was calculated as the sum of three different scores, namely steatosis (score 0-3), lobular inflammation (score 0-3), and hepatocellular ballooning (score 0-2). 26 For scoring of lobular inflammation, we defined an inflammatory focus as a group of at least five inflammatory cells that were not aligned in a row. All scores were determined by three to four independent observers in a blinded manner.
For additional assessment of inflammatory processes, namely tissue infiltration of granulocytes, sectioned paraffin-embedded liver tissue was stained for CAE (chloracetate esterase) with Naphthol AS-D chloroacetate (SigmaAldrich, St. Louis, Missouri, USA) and counterstained with hematoxylin (Merck, Darmstadt, Germany). For quantification, CAE positive cells were counted in 30 consecutive high-power fields (HPFs).
For Oil Red O staining of lipids, the liver tissue was embedded in Tissue-TekV R , snap frozen in liquid nitrogen, and stored at À20 C. The tissue was cut in 8 mm thick sections, air dried, and fixed in paraformaldehyde (ChemCruz, Dallas, TX). The staining was performed using Oil Red O (Sigma-Aldrich, St. Louis, Missouri) and counterstained with hematoxylin. Ten to 20 photographs were taken per sample in a 200Â magnification. Quantitative analysis of the red stained area was conducted using Adobe Photoshop CS5 analyzing the percentage of red pixels per image.
Liver cell death was detected by ApopTagV R plus peroxidase in situ apoptosis kit (Merck, Darmstadt, Germany) according to the manufacturer's instructions. For quantitative analysis, positive cells were counted in 14 consecutive HPFs.
To assess fibrosis, immunohistochemical staining of collagen 1a in liver sections was performed as follows: Paraffin sections were incubated at 4 C overnight with a primary antibody against collagen 1a (ab34710; Abcam, Cambridge, UK) and subsequently incubated with a horseradish peroxidase-(HRP) conjugated secondary antibody (P0448; Dako, Hamburg, Germany) at room temperature for 1 h. The antibody signals were detected with 3,3 0 -Diaminobenzidine (Dako, Hamburg, Germany) followed by counterstaining with hematoxylin. For quantitative analysis of the staining, 10 to 20 photographs in a 200Â magnification were taken per object. The positive stained area was analyzed as the percentage of brown pixels per image with Adobe Photoshop CS5.
Liver macrophages were stained immunohistochemically with F4/80 specific antibody (MCA-497, 1:10, Serotec, Oxford, UK) and matching secondary antibody (sc-2021, 1:200, Santa-Cruz) as described previously by our group. 27 
Western blot
Snap-frozen liver tissue was homogenized, lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10Â protease inhibitor) for 30 min on ice and centrifuged for 10 min at 10,000 Â g. The concentration of extracted protein was determined using Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham, Massachusetts) with BSA serving as a standard. SDS gel electrophoresis was conducted with 40 mg extracted protein per lane on a 12% SDS gel. The separated proteins were transferred to nitrocellulose membranes (Amersham Biosciences, Freiburg, Germany) and stained for a smooth muscle actin (aSMA) and GAPDH. Primary antibodies against aSMA (1:1.000, A2547, SigmaAldrich, St. Louis, Missouri) and GAPDH (1:20.000, MAB374, Merck Millipore, Darmstadt, Germany) were incubated overnight at 4 C in 2.5% BSA. An antibody conjugated to HRP was used as secondary antibody (1:20.000 for aSMA and 1:40.000 for GAPDH, A9044, Sigma-Aldrich, St. Louis, Missouri; 1 h room temperature) and was detected using ECL Western blot reagents (Amersham Biosciences, Amersham, UK). The signals were quantitatively analyzed with Quantitiy One 1D analysis software (Bio-Rad, Hercules, California) and aSMA signals were normalized to GAPDH signals.
Statistical analysis
Data are presented as meanAEs.e.m. if normally distributed and as median if not normally distributed. In normally distributed data sets with more than nine data points, outliers were identified using Grubb's test and were excluded if significance was p<0.05. Statistical analysis was performed using Sigma-Plot 12.0 (Systat Software Inc., Erkrath, Germany).
After testing for normality and equal variance across groups, differences between the groups were assessed by one-way ANOVA, followed by the appropriate post hoc comparison test. If the data were not normally distributed, one-way ANOVA on Ranks was performed. Statistical significance was set at p<0.05. For details see figure legends.
Results
General aspects
Treatment of mice with STZ led to increased blood glucose levels throughout the entire observation period with blood glucose levels of about 20 mmol/L (Figure 1(a) ). Elevated blood glucose levels were accompanied by slightly (at 12 and 20 weeks significantly) reduced non-fasting plasma insulin levels compared to healthy mice (Figure 1(b) ). Feeding of a HFD resulted in continuously elevated plasma triglyceride levels (data not shown). Body weight of STZ/HFD-treated mice increased slowly over the period of 20 weeks (wks), but was generally 10-20% lower when compared to healthy mice of the same age (Figure 1(c) ). However, liver weight increased disproportionately compared to body weight, leading to a continuously increasing liver/body weight index over time (Figure 1(d) and (e)). This model was associated with a mortality rate of about 28% (37 of 132) over the period of 20 weeks. ........................................................................................................................................................ ....
Hepatic microcirculation and microhemodynamics
Microcirculatory changes during NAFLD progression were examined by means of in vivo fluorescence microscopy. Hepatic microvasculature in STZ/HFD-treated mice was characterized by an impairment of nutritive perfusion with a high number of non-perfused sinusoids. This resulted in a reduced sinusoidal perfusion rate at all examined time points, with 8 and 12 weeks being significantly diminished by 7% and 11%, compared to healthy mice (Figure 2(a) ). Simultaneously, morphological density of sinusoids was significantly reduced at all time points compared to control mice (Figure 2(b) ). Further analysis even showed lipid-laden hepatocytes, resulting in tortuous appearance of sinusoids varying from small to large diameters. Nevertheless, slightly increasing sinusoidal diameters were observed over time (Table 1 ). In contrast, the venular diameters were marginally reduced at six weeks (Table 1 ). In correlation with disease severity, normal vascular architecture was more and more lost and changed to an irregular and distorted sinusoidal network (Figure 2) . Particularly for the tumor state (20 weeks), numerous superficial vessels and highly vascularized zones were striking, which resulted in an overall higher sinusoidal density compared to the other disease stages (Figure 2  (b) ). Quantitative analysis of hepatic microhemodynamics revealed no significant changes of venular and sinusoidal blood velocity in STZ/HFD-treated mice compared to control animals. Consequently, volumetric blood flow in venules and sinusoids was found to be almost unchanged.
Calculation of the shear stress revealed marginally reduced values in venules and sinusoids at late time points (Table 1) .
Steatosis
Fat deposition in the liver was assessed by quantitative analysis of Oil Red O-stained frozen liver sections. While healthy animals revealed lipid contents of about 8% (red line), Oil Red O positive area of the liver in STZ/ HFD-treated mice was markedly increased at all time points, reaching values of 20-30% (Figure 3(a) ). Oil Red O (Figure 3(a) ) but also H&E staining (Figure 6(e) ) showed both micro-and macrovesicular steatosis being present independent of the time point. Particularly in livers of 20 weeks old mice, in accordance with tumor development, fat was rather heterogeneously distributed. As lipid peroxidation is used as an indicator of oxidative stress, the lipid peroxide MDA was measured systemically (Figure 3(b) ). Compared to healthy animals, plasma MDA levels were significantly elevated during almost the entire observation period of 20 weeks.
Inflammation
In vivo fluorescence microscopic analysis of leukocyte interaction with the microvascular endothelium revealed massively and significantly increased leukocyte adherence in postsinusoidal venules at all time points of STZ/HFDtreated mice compared to control mice (Figure 4(a) and  (c) ). This observation was accompanied by continuously ............................................................................................................................................................ increasing sinusoidal leukostasis (Figure 4(d) ). Elevated adherence of leukocytes in venules leads to leukocyte migration into the liver parenchyma and thus reflects ongoing inflammatory processes. To further investigate inflammation, the number of granulocytes in the liver tissue was histologically assessed by quantitative analysis of CAE staining (Figure 4 (b) and (c)). During NAFLD progression, numbers of infiltrated granulocytes increased, reaching a peak at 12 weeks (Figure 4(b) and (c) ). At the same time, the number of F4/80-stained cells, namely Kupffer cells and monocyte derived macrophages, remained unchanged during NAFLD progression (data not shown).
Fibrosis/end-stage liver disease
Steatohepatitis is continuously challenging the liver tissue which in turn can lead to remodeling of extracellular matrix and fibrosis. HSCs play a crucial role in fibrosis development. HSCs exhibit a transition from a quiescent to a proliferative fibroblast-like phenotype that is accompanied by loss of intracellular vitamin A. Evaluation of vitamin A-positive spots by means of IVM revealed a decreased number in STZ/HFD-treated mice at all time points compared to healthy animals, being significantly reduced at eight weeks ( Figure 5(a) ). Concomitantly, activation of HSCs is characterized by increased expression of aSMA. Indeed, we observed elevated aSMA protein expression in STZ/HFD-treated mice, particularly at an age of 12 weeks (Figure 5(b) ). Consequently, HSC activation leads to increased collagen 1a deposition. Quantitative assessment of collagen 1a via immunohistochemical staining revealed highest collagen 1a content of about 17% at 12 weeks of age, being significantly increased compared to 8 weeks ( Figure 5(c) ). The observed slight reduction of fibrotic markers (collagen 1a deposition and aSMA expression) at 20 weeks was explained by the highly heterogeneous appearance of livers at this time point with tumors often being non-fibrotic. Chronic hyperglycemia and HFD induced tissue damage and functional impairment of the liver. Initially, plasma activities of ALT and GLDH were only slightly elevated, but increased continuously with severity of the liver disease (Figure 6(a) ). In accordance with that observation, in vivo analysis of bisbenzimidestained hepatocytes unveiled elevated numbers of apoptotic cells at all observed time points, with 20 weeks being significantly increased compared to untreated mice ( Figure 6(c) ). This was also verified by immunohistochemical assessment of cell death in TdT-mediated dUTP-biotin nick end labeling (TUNEL)-stained liver sections ( Figure 6 (d)). Even though that NAFLD activity score is not suitable for tumor assessment, it differentiates NAFLD severity grades and progression stages. In STZ/HFD-treated mice, NAS increased with age and disease severity, confirming progression of NAFLD ( Figure 6(b) ). At late time points, different types of tumors were observed, reaching from neoplasia with high-fat content but intact vascular architecture, unstructured tumors displaying a loss of vascular architecture, to highly differentiated HCC of pseudoglandular and trabecular type ( Figure 6(e) ). While no tumors were observed at the time points 6 and 8 weeks, 41% of 12 weeks old (n=17) and 84% of 20 weeks old mice (n=19) displayed tumors (Figure 1(e) ).
Discussion
NAFLD is becoming an increasingly important risk factor for the development of end-stage liver disease. 28 Simple steatosis of the liver can proceed to steatohepatitis, fibrosis, cirrhosis, and finally HCC. As microcirculatory changes are present in this progression, their investigation is fundamental for deeper understanding of the underlying pathophysiological mechanisms and thus for development of innovative therapeutics against NAFLD progression. A broad variety of experimental mouse models exist that mimic NAFLD, its progression, or HCC development. Still, well described models are missing that represent progression from steatosis to tumors in a short time period and with high incidence. The steatosis-inflammation-tumor model used in this study was first described by Fujii et al. 11 and features NAFLD progression from steatosis to fibrosis and tumor formation within only 20 weeks, making it a good model for development of novel drug interventions and investigation of tumor formation. While analyses of microhemodynamics of fatty livers have already been performed by numerous groups, [29] [30] [31] [32] no comparative study specified the progression to liver cancer. Using intravital microscopy, we characterized progressive changes of hepatic microcirculation and microhemodynamics in the steatosis-inflammation-tumor model.
Infiltration of immune cells into the liver parenchyma is one of the hallmarks in steatohepatitis and NAFLD progression. Beside resident liver cells, invading monocytederived macrophages, neutrophils, eosinophils, and lymphocytes comprise the mixed inflammatory cell infiltrate in NASH. 33, 34 In line with this, we observed constantly high venular leukocyte adherence and increasing sinusoidal leukostasis during progression of NAFLD which was in part reported in other in vivo models of NAFLD. 31, 32 Adhered to venules and sinusoids, leukocytes can infiltrate hepatic parenchyma by endothelial cell interaction. 35 VCAM-1 and ICAM play essential roles during adherence 35 and are up-regulated by the NF-kB signaling pathway. 36 NF-kB in turn is known to be activated as a response to oxidative stress. 37 Accordingly, we observed increased levels of MDA in plasma pointing towards increased lipid peroxidation. Whereas CAE staining also revealed inflammatory infiltrates with a peak at 12 weeks, no change of macrophage numbers was observed. Constant numbers of macrophages were already described by Leroux et al. 38 Even though their absolute number was unchanged, Kupffer cell phenotype might change to a more pro-inflammatory phenotype, which would lead to NAFLD progression. [39] [40] [41] [42] The constant inflammatory stimulus in this mouse model may be crucial for disease development. Noteworthy, not only the liver itself, but also adipose tissue inflammation, 43 circulating inflammatory cells, chemokines and cytokines, and the gut microbiota 44 have to be considered as potential sources of inflammation in NASH. 45 The most striking observations were an impaired sinusoidal perfusion and reduced sinusoidal density, accompanied by a congested and irregular sinusoidal network with the sinusoids appearing to be quite tortuous with varying diameters. It is a well-known fact that sinusoidal congestion is increased in fatty livers with perfusion deficits arising simultaneously. 18, 30, 31, 46, 47 These disturbances might contribute to (especially macrovesicular) steatosis associated primary graft dysfunction, renal failure, requirement for retransplantation, and early biliary complications after transplantation. [48] [49] [50] Furthermore, it has been shown that changes in hepatic microcirculation contribute to impaired liver function in hepatic cirrhosis 51 and steatosis. 18, 30 Recently, Schleicher et al. 52 constructed a mathematical model of lipid dynamics and oxygen paucity under HFD, and showed that development of steatosis is accompanied by swelling of hepatocytes, which reduces sinusoidal space and thus impairs hepatic microcirculation. Moreover, it was reported that blood velocity and volumetric blood flow are reduced in fatty livers 30 and inversely correlate with the degree of fat infiltration. 18 However, this could not clearly be observed in our study. In fact, in steatosis and steatohepatitis, it has been shown that sinusoids are compressed 30, 31, 45, 53 due to swelling fatty hepatocytes. Consequently, sinusoids exhibit a smaller lumen. Even though we observed fat accumulation in hepatocytes and a lower sinusoidal density, sinusoids were not exclusively compressed but rather varied in diameter. Although we did not measure blood pressure in the liver, it might be possible that hypertension led to expansion of sinusoids particularly in end-stage liver disease. Similarly, Sun et al. 32 observed significantly wider hepatic cords and a reduced functional sinusoidal density in fatty rat livers, whereas no significant difference in sinusoidal diameter was noted. Macroscopic and microscopic observations of a, at least partially, highly vascularized liver surface and an increasing sinusoidal density indicate an angiogenic response in livers of 20 weeks old STZ/HFD-treated mice. This has previously been reported for fibrotic livers. 53 As also noticed via in vivo microscopy, changes in architecture of the sinusoidal network strongly correlate with disease severity. Thus, during progression of NAFLD, an irregular arrangement and distortion of sinusoids increased and was most prominent in end-stage liver disease (20 weeks). Furthermore, collagen deposition, which was observed throughout disease progression, leads to capillarization of sinusoids. 21, 22 This further impairs nutritional and oxygen supply of the tissue 30, 31, 45, 46, 53 leading to increased ballooning and fibrotic remodeling of the liver.
Of importance, pathology of the here presented model does not exhibit all metabolic determinants of NAFLD, such as obesity and hyperinsulinemia. In fact, the mice are leaner than healthy animals and do not develop great amounts of fatty tissue, a commonly known problem of many NAFLD models. Through STZ-induced reduction of beta cell function, mice develop non-insulin-dependent diabetes mellitus. Even though the induced diabetes does not clearly reflect insulin resistance and hyperinsulinemia, it does mimic disturbed insulin signaling resulting in a net insulin deficiency on a cellular level. However, mice did not show absolute insulin deficiency, as also recently shown by Saito et al. 12 who suggested an existing insulin resistance in these mice. In most NAFLD patients, hyperinsulinemia and insulin resistance are the cause of hyperglycemia. A common issue of mouse models reflecting the metabolic syndrome more accurately is that progression of NAFLD occurs extremely slowly, with low incidence, or not at all. 8, 9, 54 Thus, these models are not suitable for studies using therapeutic intervention during NAFLD progression.
Interestingly, in the steatosis-inflammation-tumor model, liver tumors form without presence of cirrhosis or severe fibrosis. In humans, the formation of HCC can also be observed without development of fibrosis or cirrhosis. 2 Further analyses of tumorigenesis in the steatosisinflammation-tumor mouse model might help to understand the underlying mechanisms of HCC formation without cirrhosis.
In conclusion, the steatosis-inflammation-tumor model is of high suitability for assessment of microcirculation in progressive NAFLD with underlying diabetes mellitus. The presence of characteristic microcirculatory disturbances at functional, morphological, and cellular level validates the suitability of this model to particularly investigate therapeutic approaches targeting leukocyte-endothelial interaction and sinusoidal perfusion.
